Magnetocardiography (MCG) is an effective modality for clinical application and health monitoring due to non-contact measurement and mapping of heart activity at high spatial resolution. A superconducting quantum interference device (SQUID) magnetometer is usually used for measuring MCG signals. However, a SQUID magnetometer has high running cost due to the liquid helium. Moreover, measuring MCG signals inside a magnetically shielded room (MSR) can be costly. Therefore, we developed a 64-channel magneto-impedance (MI) sensor system that does not require an MSR. However, the MCG measurement has very high noise level without an MSR. In this paper, we discuss the signal processing techniques of various noise reduction methods to decrease very loud noises. In particular, we investigated three spatial lter conditions that decrease correlated noises among the 64-channel signals to achieve a high peak value of MCG signals. By using a spatial lter that uses the average of the circumference channels and gradient, the distortion of MCG signals can be reduced. The average reduction in amplitude of the R wave as a result of using a spatial lter was 4.5 pT. Furthermore, the signal to noise ratio (SNR) of the P wave was 29.1 dB, while that of the R wave was 42.3 dB, and clear MCG signals were obtained when using the spatial lter that uses the average of the circumference channels and the gradient. Finally, we successfully measured the MCG signals without an MSR.
Introduction
Magnetocardiography (MCG) is a useful modality for clinical application and health monitoring because it can measure heart activity at high spatial resolution with clear signals and no contact. Since MCG has high spatial resolution, it can estimate heart activity accurately using mapping and estimate signal sources by multipoint measurements. Generally, a superconducting quantum interference device (SQUID) magnetometer is used for MCG measurements. A SQUID magnetometer is an expensive equipment with high operating cost due to the use of liquid helium. Moreover, MCG should be measured in a magnetically shielded room (MSR) to obtain a high sig-nal to noise ratio (SNR). For daily health monitoring applications, MCG measurement devices need to be easy to handle. MCG not requiring liquid helium and/or an MSR is particularly desirable [1] .
In recent years, several high-sensitivity magnetic sensors that can operate at room temperature have been developed. Among these sensors, a uxgate magnetometer [2, 3] , a tunnel magneto-resistance (TMR) sensor [4] , and a magneto-impedance (MI) sensor [5] can measure a magnetocardiogram. Reference 2, 3 and 4 described the development of 32-channel, 36-channel and single-channel MCG measurement systems, respectively, and demonstrated MCG measurement using an MSR. Reference 5 described the development of a single-channel gradiometer MI sensor and demonstrated MCG measurement without an MSR.
In this study, we focused on the MI sensor. The MI sensor can be used at room temperature and has a very low noise level theoretically [6, 7] . Furthermore, the MI sensor is a commercially available product that is easy to obtain. We developed a 64-channel MI sensor system that can perform MCG mapping without an MSR. MCG measurement without an MSR has very high noise level. Generally, a reference sensor has been used to reduce magnetic noise [8] . However, it is dif cult to decrease magnetic noises that have certain inclination within a sensor array because a reference sensor is placed perpendicular to the sensor array. Here, we examined various signal processing techniques for noise reduction, especially using spatial lter. Our spatial lter uses the circumference channels of the 64-channel sensor array to decrease magnetic noise. Therefore, gradient magnetic noise is greatly decreased because the circumference channels are used as reference sensors. Finally, we performed MCG measurements without an MSR and evaluated the system.
Method (64-channel MI sensor system)
In this study, we developed a 64-channel MI sensor system to measure MCG signals without an MSR. Figure 1 shows a block diagram of the MI sensor system. Our system uses the MI-CB-1DJ MI sensor (Aichi Micro Intelligent Corporation). First, the output signals of the sensors pass through the ampli er and a low-pass lter of 112 Hz. Thereafter, we input the signals into a computer through an analog-to-digital conversion circuit with a sampling rate of 800 Hz. In our system, signal processing by the computer that performs noise reduction has the important role of measuring the MCG signals without an MSR. Figure 2(a) shows the array of a 64-channel MI sensor. The sensor pitch is 4 cm with xed pitches in the row direction and the column direction. The 64-channel MI sensor is 28 cm in length and 28 cm in width to cover the entire heart area of our subject. Figure 2(b) shows a subject standing in our MCG measurement system with his chest facing the front panel. We adjusted the channel 35 position to match the subject s xiphoid position. The minimum distance between the sensors and the chest was 10 mm. The sensitivity direction of the sensor was perpendicular to the chest. Our MCG measurement took 5 minutes. We measured the ECG signal simultaneously from the electrodes placed on both hands of the subject. The MCG of a healthy subject was measured on the third oor of a normal building outside the MSR. This study was approved by the Ethics Committee of Iwate University (No. 201704). Figure 3 shows a owchart of the signal processing to decrease noises. The measurement data is the data that we input into the computer via analog-to-digital conversion circuits. First, the measurement data was passed through a moving average notch lter to eliminate power line noise of 50 Hz. Because the sampling rate of the analog-to-digital converter was 800 Hz, the power line noise of 50 Hz was eliminated by averaging 16 measurement data. Next, a spatial lter was applied to decrease the correlated noises among all the channels of the sensor. The details of the spatial lter using the three methods are described in Sections 3.1, 3.2 and 3.3.
Theory (Signal processing)
After decreasing the correlated noises among the channels using the spatial lter, uncorrelated noises such as thermal noise and 1/f noise remained. To decrease the uncorrelated noises, we performed time averaging on the MCG signals at each channel by R wave synchronization on ECG. At the end of the signal processing, we executed spatial averaging. Spatial averaging is a method of decreasing uncorrelated noises by averaging the values of focused sensors and adjacent sensors. The dashed line in Fig. 4(a) shows an example of how to select the focused sensor and the adjacent sensors. After spatial averaging, the 64-channel MCG signals were compressed into the 36-channel MCG signals, as shown in Fig. 4(b) . Consequently, the uncorrelated noises were fully reduced by time averaging and spatial averaging.
Spatial lter using the average of all the channels
A spatial lter decreases the correlated noises among the sensors by subtracting the average value of all the channels multiplied coef cient from the input data. Here, the average value of all the channels represents external magnetic noise because the distance between the sensors and sources of external magnetic noises differs from the distance between the sensors and the heart. The external magnetic noises that occur far away from the sensors appear as common values with respect to the sensors. On the other hand, the MCG signals appear as positive and negative values because the heart is close to the sensors. By averaging all the channels, the positive values and negative values of the MCG signals cancel out, while the external magnetic noises remain. Furthermore, the sensitivities of the sensors have small variations, and output voltage varies among the sensors. Therefore, magnetic noises cannot be removed completely by subtracting the average of all the channels. To solve this problem, we calculated correction coef cients using the least square method. The average value f(t) of all the channels was obtained from the following equation.
where i represents the number of channels and o i (t) represents the input data at time t. The sum of squares E i of the difference between the input data and the magnetic noise was calculated from the following equation.
where m represents the number of samples, a i is a sensitivity coef cient of average value, and b i is an offset value of i-th channel. By calculation using the least square method, we obtained a i and b i that minimized E i . Consequently, we calculated MCG signal s i (t) by subtracting the magnetic noise value from the input data as follows.
3.2 Spatial lter that uses the average of all the channels and the gradient In Section 3.1, we assumed that the values of the external magnetic noises were the same among the channels. In this section, we describe the spatial lter that decreases the magnetic noises that is distributed with a certain inclination among the sensor positions. First, we calculated the gradient g(t) in the x direction from the following equation.
Here, the length of the sensor array in the x direction is 7, as shown in Fig. 4(a) . Similarly, we obtained the magnetic gradient h(t) in the y direction from the following equation.
Thereafter, we obtained the sum of squares E i of the difference between the input data and the magnetic noise from the following equation.
Here, f(t) is the average value of all the channels calculated in Equation (1), and m represents the number of samples. Moreover, a i is a sensitivity coef cient of average value, b i is a sensitivity coef cient of the gradient in the x direction, c i is a sensitivity coef cient of the gradient in the y direction, and d i is an offset value of the i-th channel. We obtained a combination of the coef cients a i , b i , c i , and d i to minimize E i by calculating using the least square method. Accordingly, we calculated MCG signal s i (t) as follows.
3.3 Spatial lter that uses the average of the circumference channels and the gradient In Section 3.1, we calculated the average value using all the channels. In this section, we explain another calculation method of averaging using a portion of the channels. We obtained the average value f(t) of the input data for the circumference channels from the following equation. Here, the circumference channels mean the channels with the largest x coordinate, or the smallest x coordinate, or the largest y coordinate, or the smallest y coordinate, as shown in Fig. 4(a) . By substituting f(t) in Equation (6), we obtained a combination of the coef cients. Consequently, we calculated MCG signal by substituting the obtained coef cients in Equation (7). Figure 5 shows the noise spectrum of one sensor calculated by fast Fourier transform (FFT). Inside the MSR, the external magnetic noise is eliminated, and the spectrum, except at 50 Hz, is almost the same as the specications of the MI-CB-1DJ MI sensor [ Fig. 5(a) ]. On the other hand, outside the MSR, the noise spectrum is greatly increased, and the spectrum includes the interfering magnetic noises in the measurement room [ Fig. 5 (b) ]. Figure 6 shows the intensity of power line noise of 50 Hz calculated by FFT of 64-channel measurement data. For example, channel 1 data is shown in row 1 and column 1; channel 64 data is shown in row 8 and column 8. The intensity of channel 64 is higher than that of channel 1. This result means that the magnetic noises was distributed with a certain inclination among the positions of the sensors. Figure 7 compares the signal processing of the signals for the 64-channel MI sensors. Before signal processing, the amplitude of the measurement data was approximately 40nTpp, as shown in Fig. 7(a) . On the other hand, after the notch lter, the amplitude of time waveforms was approximately 4nTpp, as shown in Fig. 7(b) . In other words, the noise amplitude decreased to approximately one-tenth of the measurement data by applying a notch lter. This result indicated that power line noises constituted most of the measurement data. Additionally, after spatial ltering, the amplitude of time waveforms decreased to less than 400pTpp, as shown in Fig. 7(c) . By applying a spatial lter, noise amplitude decreased to approximately one-tenth of the data that passed through the notch lter. Therefore, almost all of the correlated noises among the channels were eliminated by the notch lter and the spatial lter. Figure 8 shows the MCG signals after the spatial lter under three conditions and time averaging. Figure 8(a) and (d) show the MCG signals using a spatial lter that used the average of all the channels. Figure 8(b) and (e) show the MCG signals using a spatial lter that used the average of all the channels and gradient. Figure 8(c) and (f) show the MCG signals using a spatial lter that used the average of the circumference channels and gradient. Figure 8(a), (b), and (c) show the MCG signals of channel 35, as shown in Fig. 4(a) before spatial averaging, and show the MCG signals of channel 20, as shown in Fig. 4(b) after spatial averaging, because the signals of channel 35 in Fig. 4(a) and channel 20 in Fig. 4(b) clearly show the P, R, and T waves. The amplitude of noise decreased when spatial averaging was applied, as shown in Fig. 8(d) , (e), and (f). Although R and T waves can be seen clearly, Fig. 8(d) shows a small amplitude of noise. In contrast, by adding the gradient condition to the spatial lter as shown in Fig. 8(e) , the amplitude of noise at 250 ms decreased. Furthermore, the amplitude of the R wave increased to 4 pT, and the P wave can be seen clearly in Fig. 8(f) . Table 1 shows the SNRs of the P, R, and T waves, and the time intervals of the PQ, QRS, and QT durations calculated using the MCG signals of Fig. 8 . Here, the SNR is de ned as the ratio of the wave peak amplitude and the noise amplitude. The noise amplitude is calculated as the difference between the maximum and minimum values in the range of 230 ms to 280 ms. Focusing on the result of the spatial lter that uses the average of the circumference channels and the gradient, one can see that the SNR is greatly improved when the spatial averaging is applied. The SNR of the P wave is 29.1 dB, while that of the R wave is 42.3 dB under condition (f), which is the largest SNR among conditions (a), (b), (c), (d), (e) and (f). Moreover, the time interval of the PQ duration varies by 5 ms, while those of the QRS and QT durations vary by 6.7 ms as a result of applying spatial averaging. Our system can be used in detection of heart disease within this error range.
Results
We evaluated the distortion of the MCG signals by comparing the amplitude of the R wave before and after spatial lter. Table 2 shows reduction in the strength of the R wave as a result of applying the spatial lter, where the values in (a), (b), and (c) are for the same lter conditions as in Fig. 8 . Channels 35, 36, 37, 43, 44, 45, 51, 52, and 53, as shown in Fig. 4(a) , were evaluated. To decrease the in uence of noise, the amplitude of R wave of these selected channels is more than 30 pT, which is half the maximum amplitude of R wave. The average reduction in amplitude of the R wave as a result of applying the spatial lter is 8.8 pT in (a), 8.5 pT in (b), and 4.5 pT in (c), as shown in Table 2 . Consequently, the in uence of distortion of the MCG signal is the smallest for the spatial lter that uses the average of the circumference channels and gradient. However, the results of Table 2 include reduction in strength of R wave and magnetic noise. Moreover, we cannot measure MCG signals inside the MSR because the size of our MCG measurement system is larger than that of the MSR door. Therefore, it was (174) dif cult to evaluate distortion of the MCG signals precisely.
After spatial averaging which compressed 64 signals into 36 signals, Figure 9 shows the MCG signals using the spatial lter that used the average of the circumference channels and gradient. We con rmed that almost all of the noises were eliminated, and P, R, and T waves were clearly seen. Hence, the MCG signals were successfully measured without an MSR. Figure 10 shows iso eld contour maps calculated using the MCG signals of Fig. 9 . Notably, the iso eld contour map at the timing of R wave showed the ventricular depolarization process. Furthermore, the contour map at the timing of T wave indicated the ventricular repolarization process. Moreover, the iso eld contour maps showed a similar tendency as the measurement results of the SQUID magnetometer [9, 10] .
Discussion
Regarding the in uence of the spatial lter condition in Fig. 8 , the noise reduction ratio improved greatly when we added the gradient condition to the spatial lter. The spatial lter that used the average of all the channels was based on the premise that the external magnetic noises applied to all the sensors had equal magnitude. However, the intensity of the magnetic noise was distributed with a certain inclination among the positions of the sensors, as shown in Fig. 6 . Therefore, adding the gradient condition to the spatial lter effectively improves the noise reduction ratio. Furthermore, regarding the difference between using the average of all the channels and using the average of the circumference channels in the spatial lter, the amplitude of the R wave increased to 4 pT and the P wave could be seen clearly by applying the spatial lter that used the average of the circumference channels and the gradient, as shown in Fig. 8 . The spatial lter method is based on the premise that f(t) in Equation (1) must not include the MCG signals. However, there were MCG signals in f(t) because the sum of the plus component and the minus component of the MCG signals of all the channels were not canceled out completely. Owing to this, the spatial lter using the average of all channels decreased the R peak of the MCG signals. Contrary to this, the average of the circumference channels hardly contained any MCG signals because the sensor array was wide enough to cover the heart.
As shown in Table 1 , spatial averaging has the advantage of improving the SNR. On the other hand, it has the disadvantage of distorting the MCG signal, because the time intervals of the PQ, QRS and QT durations vary around 6 ms as a result of applying spatial averaging. Moreover, it causes a loss of spatial resolution, because the MCG signals decrease in strength as a result of spatial averaging, and the estimated distance between the sensor and dipole changes. Narrowing the sensor pitch and increasing the channel number may be a way to decrease the in uence of distortion of signals and loss of spatial resolution.
Conclusion
We developed a 64-channel MI sensor system with signal processing, which allows measurement of MCG signals without an MSR. Almost all the correlated magnetic noises among the 64-channel data were eliminated by applying a notch lter and a spatial lter to the measurement data. To achieve MCG signals with low noise and high peak value, we investigated three conditions of the spatial lter. We determined that a spatial lter that uses the average of the circumference channels and gradient yields clear MCG signals. Finally, we successfully measured the MCG signals without an MSR. (176)
